The spatial and temporal pattern of expression of enhancer trap lines reporting on the wingless (wg) and engrailed (en) genes was characterized in the adult antenna of Drosophila melanogaster. The time courses of expression seen for wg and en, although different from each other, reveal a complex well-controlled pattern of temporal expression, providing evidence that regulatory mechanisms are preserved throughout the life span of the adult fly. Altering the life span demonstrates that the temporal patterns of expression of both wg and en are linked to life span. These studies suggest that the expression of wg and en in the adult antenna is controlled by age-dependent mechanisms.
Introduction
Both the development and aging of organisms are known to be under genetic control (Finch, 1990; Lawrence, 1992) . The genetic control of developmental processes is characterized by the well regulated expression of genes in specific spatial and temporal patterns. Despite the importance of spatial and temporal regulation of gene expression during development, little is known about whether similar mechanisms are acting during adult life and if they contribute to the process of aging. Enhancer trap and reporter gene techniques have been used to demonstrate these spatio-temporal patterns of expression in a diversity of organisms during development and have contributed to the identification of regulatory elements involved in directing important developmental events (Bellen et al., 1989; Bier et al., 1989; Freeman, 1991; Lawrence, 1992; Wurst et al., 1995; Kirchhamer and Davidson, 1996; Yuh and Davidson, 1996) .
Enhancer trap and reporter gene techniques have also been used to examine gene regulation during adult life in Drosophila melanogaster (Mismer and Rubin, 1987; Hama et al., 1990; Blake et al., 1995; Helfand et al., 1995; Wheeler et al., 1995) . Since these techniques allow for the examination of the temporal and spatial pattern of expression of single genes at the level of individual or small subsets of cells in the adult, they provide a precise way for examining gene expression during aging that has not been previously available. Several characteristics of the adult fly including the lack of somatic cell division (Bozuck, 1972; Ito and Hotta, 1992) , persistence of most cells in tissues such as the antenna and retina throughout life (Leonard et al., 1992; Helfand and Naprta, 1996) , maintenance of b-galactosidase (b-gal) synthesis into old age, and a rapid degradation rate for b-gal (Helfand and Naprta, 1996) , make these reporter marked genes useful for the examination of changes in the spatial and temporal pattern of gene expression during aging. For most adult somatic tissues, the expression of the reporter protein b-gal is an accurate indicator of increases and decreases in gene activity occurring over a period of days.
We have recently demonstrated that the level of expression of many different genes changes in a characteristic and reproducible pattern in the antenna of adult Drosophila melanogaster by using the enhancer trap and reporter gene systems. The temporal pattern of some of these genes, but not others, is linked to life span, suggesting that there are regulatory mechanisms which can control gene expression in an age-dependent manner Rogina and Helfand, 1996) . These studies made use of enhancer trap lines which report the activity of molecularly and genetically uncharacterized genes. A prerequisite for further molecular and genetic analysis of elements involved in controlling age-dependent gene regulation is a better understanding of those age-regulated genes.
The expression of en in the antenna of adults had been noted by Kornberg and colleagues using a reporter gene construct from the en regulatory region which they had inserted into the en locus (Hama et al., 1990) . During the formation of segment polarity in Drosophila embryogenesis, en expression is maintained in a narrow stripe of cells through the signaling of a narrow stripe of cells which are producing wg. Information such as this prompted us to examine the expression of en and wg in the adult antenna. In this report we show that wg and en enhancer trap lines each show a unique characteristic, reproducible spatial and temporal pattern of expression in the adult antenna. Furthermore, we found their temporal patterns of expression is linked to life span, indicating that the expression of wg and en is regulated by age-dependent mechanisms.
Results

The expression of the wg gene shows a characteristic spatio-temporal pattern in the adult antenna
The enhancer trap line marking the wg gene, PwgCyO, was used to examine the spatial and temporal pattern of wg transcriptional activity in the adult antennae. In the PwgCyO enhancer trap line b-gal expression is found in subsets of cells in the third, and fifth segments of the antennae (Fig. 1A) . In the third segment, bgal expression is restricted to a crescent-shaped area in the ventral-most region of the segment (ventral as defined by Postlethwait and Schneiderman, 1971; Singh and Nayak, 1985; Foelix et al., 1989; see Blake et al., 1995) . A gradient in the intensity of b-gal expression can be seen within this region with the highest expression at the most ventral tip of the third segment decreasing dorsally (Fig. 1A) . In the fifth segment, part of the base of the arista, a subset of cells also expresses b-gal (Fig. 1A) . b-gal expression in the third and fifth segments appear to respect the compartment boundaries defined by Postlethwait and Schneiderman (1971) .
Visual inspection of the amount of b-gal present in the third and fifth segments show a characteristic change in the (Fig. 1A) . Upon eclosion the level of b-gal expression is at its maximum. Over the first week of adult life the amount of b-gal expressed declines in both the third and fifth segments. In the third segment the decline in b-gal expression follows a pattern of change associated with the gradient of b-gal expression seen. Cells in the dorsalmost position lose b-gal expression first. Between days 10 and 15 the level of b-gal expression declines to barely detectable levels in the third and fifth segments. Within a few days to a week after the complete or nearly complete loss of b-gal expression, re-expression of b-gal is seen. The spatial distribution of this re-expression follows in reverse the pattern of b-gal seen during its decline. b-gal expression is now first detectable in the ventral-most portion of the third segment and over the next few days to weeks expression of b-gal is seen to return to more dorsal portions of the third segment before declining again. The timing is such that a second peak of b-gal expression can be seen between 30 and 50 days of adult life. The fluctuations in the level of b-gal seen during the period of re-expression late in life have also been noted with other reporter marked genes (unpublished observations).
The decline, reappearance, and final decline in b-gal expression occurs in concert in both the third and fifth segments. A decline in b-gal expression is also associated with the second segment, but because of the high level of b-gal expression we are unable to accurately assess these changes with our assay system (unpublished observations).
Quantitative analysis of the amount of b-gal expressed in the third and fifth segments illustrates this complex temporal pattern of expression (Fig. 1B,C ) and highlights the dynamic and systematic nature of wg gene expression during adult life. The amount of variation between individual antennae on any given day is small, suggesting that, at least in the antenna, the expression of the wg gene remains carefully controlled throughout adult life. The spatial and temporal pattern of b-gal expression is similar for both males and females (Fig. 1B,C) .
The temporal pattern of wg gene expression is regulated by mechanisms linked to life span
Environmental manipulation of life span
In order to explore the nature of the mechanisms controlling the temporal pattern of wg gene expression during adult life we used environmental and genetic means to alter life span and the rate of aging. The effect of ambient temperature on life span and the temporal pattern of b-gal expression in PwgCyO enhancer trap animals can be seen in Fig. 2 . A nearly three-fold difference in life span can be attained by growing adults at 18°C, 25°C, or 29°C ( Fig. 2A) . The temporal pattern of b-gal expression is seen to change as a function of the life span of the adult fly. When viewed from the perspective of chronological or calendar time, the timing of b-gal expression for animals cultured at the three different temperatures changes dramatically (Fig. 1B   and 2B .) The timing of the decline in b-gal expression during the early part of life is accelerated for those animals living at 29°C and slowed down for those animals living at 18°C (Fig. 1B.) The timing of the re-expression and second peak of b-gal expression is also shifted, being between days 20 and 40 at 29°C and days 60 and 90 at 18°C. If the level of b-gal expression is expressed as a proportion of life span, the timing of gene expression now appears to be nearly the same, despite the three-fold change in life span. The temporal pattern of wg gene expression scales with respect to life span (Fig. 2C) .
Genetic manipulation of life span
Similar results of scaling to life span are obtained when life span is altered by genetic manipulations which are thought to accelerate the rate of aging through their effect on increasing the metabolic rate (e.g. Hyperkinetic and Shaker) (Trout and Kaplan, 1970; Rogina and Helfand, 1995 3A) . Examination of the temporal pattern of b-gal expression shows a compensatory acceleration in conjunction with this shortening of life span (Fig. 3B-E. ). The change in the temporal pattern of expression shows scaling with respect to life span suggesting that regulation of wg transcriptional activity is controlled by mechanisms which are linked to life span.
en has a characteristic spatio-temporal pattern of expression in the adult antenna
The spatial and temporal pattern of b-gal expression associated with an en enhancer trap line was also examined. en expression is restricted to subsets of cells in the second, third, and fifth segments. The subset of b-gal-expressing cells in the en enhancer trap line is different from what is seen with wg. In the en enhancer trap line the distribution of the highest level of expression of b-gal in the third segment is dorsal, around the region of the sacculus, spreading in a gradient ventrally throughout the central regions of the third segment (Fig. 4A) .
The temporal pattern of b-gal expression in the en enhancer trap line is also different from what is seen with wg. bgal expression which is at its maximum upon eclosion declines slowly over the entire life span of the animal. The decrease in b-gal expression appears to follow an oscillating pattern (Fig. 4B,C) .
Temporal pattern of en gene expression in the adult antennae shows scaling with respect to life span
Ambient temperature was used to alter the life span of the en enhancer trap line and both life span and the level of bgal expression in the adult antennae were determined. Growing the adult at 18°C versus 29°C results in the expected nearly three-fold difference in life span (Fig. 5A ). Examination of the temporal pattern of gene expression shows that at 18°C the decline in levels of b-gal expression in the antennae occur over a longer period of time than at 29°C (Fig. 5B ). When examined with respect to the percent life span, however, the temporal patterns are seen to overlap (Fig. 5C ). The temporal pattern of expression of bgal in the antennae of the en enhancer trap shows scaling with respect to life span. 
Discussion
The timing of developmental events occurs on a scale that is rapid enough for us to recognize the many dynamic changes that take place during the construction of the organism. The longer time scale at which adult life unfolds, on the other hand, tends to obscure the fact that similar processes may also be taking place in the adult (Finch, 1990) . In this view, adult life, far from being a condition of biological stasis, is a dynamic ever-changing part of the overall life history of an animal. While the dramatic stereotypic changes that occur during embryogenesis are obvious, more subtle, but no less characteristic, changes appear to occur all throughout life. The temporal patterns of gene expression in this report are examples of this.
The examination of expression of b-gal from the wg and en enhancer trap lines illustrates the dynamic and well regulated nature of gene expression in the adult fly. The spatial distribution of b-gal expression shows that precise tissuespecific gene expression is maintained in the adult throughout life. In the third antennal segment the spatial distribution of expression associated with either the wg or en gene is restricted to discrete groups of cells that appear to be largely non-overlapping. The spatial distribution of wg gene expression is preserved during dramatic changes in the levels of expression. Following the complete or near-complete loss of all b-gal expression from the third and fifth segments by the second week of life, the reappearance of bgal expression later in life is seen in precisely the same region where it had been expressed earlier (Fig. 1) .
The temporal pattern of expression of these two genes points out the non-random nature of gene expression during adult life and provides evidence for molecular and genetic mechanisms involved in controlling gene expression in an age-dependent manner. The time courses of expression of wg and en, although different from each other in type, show a well controlled predetermined pattern of temporal expression. The quantitative analysis of the level of b-gal expression reveals little variation between individuals of the same age (i.e. small standard errors). Lack of an increase in variation between individuals with age suggests that regulatory mechanisms are preserved throughout the life span of the adult fly although a selection bias favoring the survival of only the most robust older animals cannot yet be excluded.
The experiments on the temporal patterns of gene expression reveal an important relationship between the timing of gene expression and life span. The temporal pattern of expression for both wg and en appears to be invariant with respect to biological time or physiological age. This is demonstrated by altering life span and measuring the temporal pattern of gene expression. When life span is altered using either ambient temperature or metabolic mutants, the temporal pattern of expression changes. The amount of change appears proportional to the change in life span. For example, if the level of gene expression is plotted as a percent of life span, a measure of physiological age, then the temporal patterns are seen to be nearly the same despite a three-fold difference in life span (Figs. 2 and 3 and 5). The timing of gene expression scales to life span. This serves to demonstrate that there are mechanisms by which the regulation of gene expression is linked to life span and implies that the regulatory regions of wg and en possess molecular genetic elements which can respond to physiological age. The nature of these elements is not known but the existence of age-responsive regulation associated with such well characterized genes as wg and en provides an opportunity for the identification and isolation of such elements.
During development the products of the wg and en genes function in diverse ways. Both wg and en are known to be involved in the determination of compartment boundaries, neurogenesis, and segmental polarity (reviewed in Klingensmith and Nusse, 1994; Hidalgo, 1996) . It is believed that they carry out this role through their participation in signaling pathways which may be made up of different elements at different times and different places. The product of the wg gene, being a secreted molecule, is thought to be important in intercellular signaling. The product of the en gene is thought to be a transcription factor involved in the interpretation and response to these and other signals during development. The persistence of en expression into adult life and the presence of an autoregulatory feature associated with the en gene, noted by Kornberg and colleagues (Hama et al., 1990) , suggests the possibility that it may also be important to maintain the expression of en once it has been turned on.
The data we have presented provide no direct information on the role wg and en play in the adult antenna, but indicate that they may have some function in the adult. Although information on the protein products during adult life is lacking, the fact that the spatial and temporal patterns of transcriptional activity are so carefully regulated, and each appears to be spatially restricted to largely non-overlapping sets of cells in particular regions of the third antennal segment, suggests there may be some function for these genes during adult life. One correlation we have noted is an inverse relationship between transcription from the wg gene and fertility. As female fertility increases, wg expression declines, reaching its nadir during the period of peak fertility. As fertility declines again, transcription from the wg gene reappears (Ashburner, 1989) .
Aging is known to be under genetic control (Finch, 1990 ). The close relationship between the genome and aging suggests that molecular and genetic techniques should be useful tools for helping to understand the process of aging. The results reported here provide further evidence for the association between the genome and aging as well as means for examining this connection.
Experimental procedure
Drosophila stocks
wg and en enhancer trap stocks were obtained from J. Kassis (Kassis et al., 1991) . The PwgCyO line, which has the enhancer construct inserted into the wg gene of a CyO balancer chromosome, was used in all the experiments noted in the figures. Similar results were obtained with other wg enhancer trap stocks such as 17en40 (Kassis et al., 1991) . The en line, which has an enhancer construct inserted into the en gene, was used in all experiments noted in the figures (Kassis et al., 1991 (Lindsley and Zimm, 1992) .
Drosophila culturing
All flies were kept in plastic vials containing a standard corn-meal agar medium, with several grains of yeast added (Ashburner, 1989) . Approximately 30 flies were in each vial; flies were passed to fresh vials every 7 days. All flies were cultured in humidified temperature-controlled environmental chambers at 25°C throughout development. Adult flies were collected without anesthesia within 2 h of emergence from the pupal case and put in humidified temperature-controlled environmental chambers set at 18°C, 25°C, or 29°C. Male and female flies were aged together in the same vial.
Life span
Life span studies were carried out using methods of collection and culture noted above except that the flies were passed into fresh vials every other day, at which time the number of dead males and females were recorded. Over 400 male and female flies were scored for each life span study.
Quantitation of b-gal expression in whole mount adult antennae
The amount of b-gal expressed in the third and fifth segments of the antennae of the wg or en enhancer trap lines is too low to be detected by standard chromogenic assays such as chlorophenol red-b-D-galactopyranoside (CPRG) (Glaser and Lis, 1990) . For the quantification of b-gal we made use of an optically based computer-assisted video microscopy system which uses X-gal reacted whole mounts and has been detailed previously . Antennae from at least ten animals were sampled at each time point, using methods previously described Helfand et al., 1995) . Standard procedures for X-gal staining were followed (Ashburner, 1989; Blake et al., 1995) . The reliability of the video microscopy system is such that capture of the same image at different times shows Ͻ2% difference in values.
Analysis of the temporal patterns of b-gal expression
The temporal pattern of expression of b-gal for the wg and en enhancer trap lines shown in each of the figures represent the summed average of at least ten, and more often 20, different antennae obtained from two or more separate experiments for each day. Each experiment constitutes data obtained from animals grown and antennae analyzed by one particular investigator ( Ͼ 10 antennae per day per experiment). These experiments were often done a year apart by different individuals. Reliability of these data was assessed in part by comparing the average level of b-gal expression for each of several ages for the two independent experiments. This analysis shows little difference between independent experiments, less than 10-15% difference in average value of b-gal on each day. Analysis of the en data shown in Fig. 4A , for example, shows that there is less than a 10% difference in the average level of antennal b-gal expressed when independent experiments done a year apart by two different investigators are directly compared (e.g. days 2, 3, 4, 5, 6, 7, 8, 9, 10, 35, 40, 50) .
The temporal pattern of antennal expression of b-gal from the wg enhancer trap line originally suggested that a non-linear fit is necessary to represent the dynamic nature of changes taking place with age. A third degree polynomial was found to be the simplest regression model for adequate fit of the data (Kaleidagraph, Ablebeck Software). These curves were meant only as a rough guide to show the dynamic changes taking place. Nevertheless, when a third degree polynomial equation is used to fit a curve to the data, a good statistical fit is achieved. R values range from 0.98 to 0.89 (R 2 from 0.96 to 0.79) for Figs. 1-3. The statistical significance of these curve fits establishes that the second 'hump' of wg re-expression is real.
